A simplified method for determining the sequence and branching of oligosaccharides using infrared multiphoton dissociation (IRMPD) in a quadrupole ion trap (QIT) is described. An IR-active boronic acid (IRABA) reagent is used to derivatize the oligosaccharides before IRMPD analysis. The IRABA ligand is designed to both enhance the efficiency of the derivatization reaction and to facilitate the photon absorption process. The resulting IRMPD spectra display oligosaccharide fragments that are formed from primarily one type of diagnostic cleavage, thus making sequencing straightforward. The presence of sequential fragment ions, a phenomenon of IRMPD, permit the comprehensive sequencing of the oligosaccharides studied in a single stage of activation. We demonstrate this approach for two series of oligosaccharides, the lacto-N-fucopentaoses (LNFPs) and the lacto-N-difucohexaoses O ligosaccharides are in many ways more structurally complex than other biologically important molecules such as proteins and nucleic acids in that they are often highly branched and have several different linkage types between their fundamental monosaccharide units. Even excluding stereochemistry, a glycosidic bond between two hexoses can be formed at any of five positions. This results in a great number of structural possibilities that make characterization of oligosaccharides a challenging but vital task because they have important roles in numerous biological processes. Oligosaccharides are known to play roles in cell-cell signaling, cellular differentiation, regulation of biochemical pathways, viral replication, parasitic infection, immune response, and inflammation [1] [2] [3] [4] [5] [6] [7] . More than half of mammalian proteins are glycosylated [1] , and the functions attributed to the oligosaccharides are broadly grouped as structural/modulatory and specific recognition by receptors [8] . For example, some oligosaccharides are involved in cell wall formation and have protective and stabilizing roles while others are very specific receptors for bacteria and viruses. In addition, the alteration of oligosaccharide expression has been associated with disease progression, suggesting that oligosaccharides may be used as biomarkers [9] . For instance, malignancy has been correlated with changes in the glycosylation process, and some cell surface oligosaccharides are linked with prognosis in human cancers [10, 11] . To fully understand the roles of glycosylation in these biological processes, it is critical to develop sensitive methods of characterization.
O ligosaccharides are in many ways more structurally complex than other biologically important molecules such as proteins and nucleic acids in that they are often highly branched and have several different linkage types between their fundamental monosaccharide units. Even excluding stereochemistry, a glycosidic bond between two hexoses can be formed at any of five positions. This results in a great number of structural possibilities that make characterization of oligosaccharides a challenging but vital task because they have important roles in numerous biological processes. Oligosaccharides are known to play roles in cell-cell signaling, cellular differentiation, regulation of biochemical pathways, viral replication, parasitic infection, immune response, and inflammation [1] [2] [3] [4] [5] [6] [7] . More than half of mammalian proteins are glycosylated [1] , and the functions attributed to the oligosaccharides are broadly grouped as structural/modulatory and specific recognition by receptors [8] . For example, some oligosaccharides are involved in cell wall formation and have protective and stabilizing roles while others are very specific receptors for bacteria and viruses. In addition, the alteration of oligosaccharide expression has been associated with disease progression, suggesting that oligosaccharides may be used as biomarkers [9] . For instance, malignancy has been correlated with changes in the glycosylation process, and some cell surface oligosaccharides are linked with prognosis in human cancers [10, 11] . To fully understand the roles of glycosylation in these biological processes, it is critical to develop sensitive methods of characterization.
Mass spectrometry (MS) has become an invaluable tool for the structural determination of oligosaccharides mainly due to the minimal sample consumption and specificity of the information obtained. Matrix assisted laser desorption ionization (MALDI) time-of-flight (TOF) MS has been used for the analysis of native, metal adducted and derivatized oligosaccharides [12] [13] [14] [15] . Structural isomers have been differentiated successfully by comparing the intensities of post-source decay (PSD) fragment ions. While MALDI-TOF-MS has provided some detailed information about isomers, more detailed structural analysis is generally performed by using tandem mass spectrometry.
Trapping instruments such as the quadrupole ion trap (QIT) and Fourier transform ion cyclotron resonance (FTICR) mass spectrometers have also been used for the analysis of oligosaccharides because of the ability to undertake MS n experiments, which is often required to fully map the branching patterns and sequences of oligosaccharides. Collisionally activated dissociation (CAD) of oligosaccharides primarily leads to fragment ions due to B-/Y-and C-/Z-type cleavages [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The number of cleavages in the first stage of activation is often limited, and thus frequently requires several stages of activation to obtain partial sequence information, particularly for larger oligosaccharides. In addition, CAD often leads to cleavages from both the reducing and nonreducing ends of oligosaccharides in addition to internal losses, thus complicating spectral interpretation. To provide more extensive structural information and alleviate the need for elaborate MS n strategies, other activation methods have also been applied to glycopeptides and oligosaccharides in trapping instruments. For example, Adamson et al. used electron capture dissociation (ECD) in an FTICR mass spectrometer to promote cross-ring over glycosidic cleavages and increase the amount of linkage information obtained [28] . Wolff et al. used electron detachment dissociation (EDD) to promote cross-ring cleavages and identify sites of sulfation in glycosaminooligosaccharide tetrasaccharides [29] . Most recently, Devakumar et al. used 157-nm UV light to photofragment glycans in an ion trap. Extensive high-energy cross-ring cleavages were observed that provided branching information [30] .
Infrared multiphoton dissociation (IRMPD) is another alternative activation method that has generated substantial recent interest. Several studies have explored the use of IRMPD in an FTICR mass spectrometer for the analysis of oligosaccharides [16, [31] [32] [33] [34] [35] . For example, Lancaster et al. compared the IRMPD spectra of O-linked and N-linked type oligosaccharides and found that cross-ring cleavages were observed only for the N-type oligosaccharides that are not readily fragmented by using CAD [16] . Goldberg et al. used IRMPD in an FTICR instrument and developed a strategy using a computer algorithm to determine oligosaccharide sequence. While the spectra were informative, poor signal-to-noise ratios often made spectral interpretation difficult [31] . Fukui et al. used wavelength-tunable IRMPD in an FTICR mass spectrometer to determine the optimal dissociation wavelengths for sodium-cationized oligosaccharides [32] . While this technique is powerful, these types of lasers are not readily available. Zhang et al. used IRMPD in an FTICR instrument on oligosaccharide alditols and discovered specific fragments corresponding to structural motifs that revealed sequence and linkage information [33] .
IRMPD has also been implemented in quadrupole ion traps for the analysis of flavonoids, antibiotics, peptides, and oligonucleotides [36 -46] and affords a promising alternative to CAD for the characterization of oligosaccharides as described in the present study. The IRMPD process is independent of the rf trapping voltage, meaning that storage and detection of ions over a wide m/z range is possible, including very low m/z fragment ions at the same time as high m/z precursors. Since IRMPD is not a collision-based method; there are fewer ion losses due to scattering. This reduction of ion losses is a critical feature when ion populations are low, which is often the case for oligosaccharides. Another potential advantage of IRMPD involves the ease of controlling photon flux to enhance or limit sequential fragmentation processes. Since IRMPD is not a resonant process, energy absorption by primary fragment ions during the activation period may result in secondary fragmentation, and the extent can be varied by adjusting the activation time or laser power. The secondary fragments often provide important structural information without the need for more elaborate MS n strategies. One drawback to IRMPD in a quadrupole ion trap stems from the relatively slow rate of energy accumulation (only ϳ0.1 eV per photon) that allows competition from collisional cooling due to the helium bath gas. In addition to other recent methods designed to overcome this drawback, such as thermally assisted IRMPD and collision-activated IRMPD [47] [48] [49] [50] [51] , we have recently incorporated chromophores that absorb IR radiation very efficiently into analytes of interest. For example, we have explored the use of IR-active ligands (IRALs) for the enhancement of IRMPD efficiency of flavonoids in a quadrupole ion trap [36] . In this previous study, IR-active phosphonate groups were attached to chelating ligands that were then noncovalently bound to the analytes of interest via metal coordination in solution. The resulting complexes underwent highly efficient IRMPD. Companion FTIR and energy-variable CAD results confirmed that the chromogenic ligands were effective because of the high IR absorptivities of the phosphonate groups, thus providing strong IR chromophores for rapid energy accumulation. The use of a phosphonate-based IR chromophore is also exploited in the present study.
While it has become common practice to form chromophore-labeled carbohydrate derivatives for UV and fluorescence detection following chromatographic separation, various chemical derivatization strategies of oligosaccharides have also been used in conjunction with mass spectrometry to increase ionization sensitivity as well as yield more informative fragmentation patterns that reveal linkage and anomeric configuration [52] [53] [54] [55] [56] [57] [58] . Some of the derivatization techniques used for ESI-MS analysis of carbohydrates include permethylation for linkage information [52, 53] , reductive amination for attachment of chromophores for HPLC detection [54] , p-aminobenzoic ethyl ester derivatization via formation of a glycosylamine for determination of linkage and branching information [55] , and modification of cis-diol groups of disaccharides with boronic acids for stereochemical determination [56, 57] . Most recently, phenylboronic acid was used as a reagent ion for the analysis of biologically active diol compounds by desorption electrospray ionization (DESI) MS [58] .
In the present study, we develop a method for the characterization of oligosaccharides in a quadrupole ion trap using IRMPD to attain complete sequencing and branching information. In contrast to other recent methods developed to promote cross-ring cleavages to enhance linkage information, the goal of our study was to simplify and limit the spectra to glycosidic cleavages for comprehensive and straightforward sequencing. The sequence and branching positions of two series of isomeric oligosaccharides were determined (Figure 1 ). The first series, the lacto-N-fucopentaoses (LNFPs), all have the same backbone sequence but differ either in the connectivity of fucose (Fuc) or the linkage of their terminal Gal and Fuc moieties. The second series, the lacto-N-difucohexaoses (LNDFHs), also have the same backbone structure but have two Fuc residues and differ either in the connectivity or linkage of one of the Fuc residues. These series were natural choices for method development since they have been characterized by different mass spectrometric techniques previously [12, 19 -21, 23, 35, 59] . For example, MALDI-MS methods have been developed that differentiate some of the LNFP isomers based on ions due to internal losses and others that reveal the interglycosidic linkage [12, 35, 59] . While several of these fragment ions facilitate isomer differentiation, they often do not provide complete sequence information and may complicate spectral interpretation of unknown oligosaccharides since they are a product of cleavage from both the reducing and nonreducing ends coupled with internal and unidentified fragments. Several methods using ESI-MS for characterization of the LNFPs and LNDFHs have also been reported. For example, Konig and Leary used metal ion coordination to alter the fragmentation pathways of the LNFPs; however, the study was focused on specific linkage determination and not sequencing [23] . Chai and coworkers used ESI-MS in conjunction with a Q-TOF mass spectrometer and identified specific "Dtype" fragments that differentiated the LNFPs and LNDFHs [21] . These fragments and several other lower mass fragments are only observed upon several stages of CAD (MS n ) in the QIT [19 -21] . Pfenninger and Karas developed an elaborate and comprehensive method for the isomer differentiation of oligosaccharides [19, 20] that also provides linkage information, although the resulting spectra are complicated by several different types of fragment ions.
In the present study, we report a simplified method for the sequencing of oligosaccharides in a single stage of activation by exploiting the supplementary information obtained from sequential fragmentation that is promoted by nonresonant IRMPD. Additionally, our method is further extended to an oligosaccharide with two acidic sialic acid moieties. To increase the IR absorption efficiency of the oligosaccharides, a phosphonate group was incorporated into a boronic acid that was used as a derivatizing reagent. The IR-active boronic acid (IRABA) was designed so that a nitrogen atom was adjacent to the boron atom to enhance the reactivity of the boronic acid functionality to the oligosaccharides [60] . When the IRABA is added to a solution containing a oligosaccharide of interest, the chemical reaction between the IRABA and diol functionalities of the oligosaccharide is responsible for the covalent addition of the IR-active phosphonate group. The modified analytes proved to be ideal for characterization and differentiation using IRMPD. The LNFP and LNDFH series provide a considerable challenge for differentiation and thus allow a convenient means of assessing the analytical merits of the new IRMPD method.
Experimental

Chemical Reagents
LNFP-I, II, III, V, LNDFH Ia and II, and DSLNT were purchased from V-Labs (Covington, LA). LNDFH-Ib was purchased from Sigma (St. Louis, MO). Diethyl(aminomethyl)phosphonate oxalate was purchased from Acros (Geel, Belgium). 2-formylphenylboronic acid, methanol and methylene chloride were purchased from Fisher (Somerville, NJ). All chemicals were used without further purification.
Derivatization
Stock solutions of the oligosaccharides (500 M) and the IRABA (mM) were mixed to form a 1:10 M ratio and a 5 L aliquot of 0.5% TEA was added to achieve a pH ϳ9. The reaction is reversible and a lower pH would result in a competition of hydrolysis of the new bonds formed. The solutions were then sonicated for 1 min and diluted with 0.1% TEA to pH ϳ8 and spiked with ammonium acetate (to 0.01%) to eliminate the domination of derivatized sodium adducts. The final solution had an oligosaccharide concentration of 10 M.
Mass Spectrometry
A ThermoFinnigan LCQ Deca XP mass spectrometer (San Jose, CA) equipped with an electrospray ionization source and interfaced with a Synrad CO 2 50 W laser (10.6 m) was used for this study. The details of the system were previously described [37] . The solutions analyzed were 10 M in oligosaccharide. Typical IRMPD parameters included an irradiation time of 5 to 25 ms at a power of 50 W. The helium pressure for IRMPD experiments of the derivatized oligosaccharides and comparative CAD experiments was nominally 2.8 ϫ 10
Ϫ5 Torr (corresponding to ϳ1 mTorr normally used in the quadrupole ion trap) as measured by an ionization gauge. For the underivatized oligosaccharides (i.e., without IR chromophores), the helium pressure was lowered to nominally 2.7 ϫ 10 Ϫ5 Torr to promote the IRMPD process.
Throughout this study, the laser power was 50 W and the irradiation time was adjusted to tune sequential fragmentation such that the most complete structural information was obtained. At prolonged irradiation times sequential fragmentation was extensive and higher mass fragments were not observed.
Synthesis of IRABA
The procedure used was a modification of the synthesis described by Zhu and Anslyn [61] ; 3.9 mmol 2-formylphenylboronic acid (mM) was dissolved in anhydrous CH 3 OH under argon protection; 16 mmol (4ϫ) Hunig's base was added followed by 3.9 mmol diethyl(aminomethyl)phosphonate oxalate and the solution was stirred for 16 h before 2.9 mmol NaBH 4 was added slowly. The solution was stirred at room temperature for 1 h, followed by addition of another batch of NaBH 4 . One h later, the solvent was removed under vacuum and the residue was diluted with CH 2 Cl 2 . The white precipitate was removed with vacuum filtration, with the filtrate subsequently concentrated. The residue was purified by flash chromatography on neutral alumina (2-5% NH 3 
Results and Discussion
The goal of this study was to develop a method for sequencing the backbone of the LNFPs and to pinpoint the sites of attachment of the fucose moieties. To allow the comprehensive evaluation of the new IRABA derivatization/IRMPD strategy for the characterization of oligosaccharides, companion CAD and IRMPD studies of the underivatized oligosaccharides were undertaken to provide benchmark comparisons. These studies are briefly described in the first section before presentation of the results for the IRABAderivatized oligosaccharides.
LNFP Oligosaccharides
The LNFP oligosaccharides studied ( Figure 1 ) differ only in the branching position of the fucose moiety (LNFP I vs. II and III vs. V) or have the same position but differ only in the linkage (LNFP II vs. III). The oligosaccharides are characterized using the residue masses for the monosaccharide units that are listed in Table 1 and are further described using the nomenclature of Domon and Costello [62] . Since the structures of the oligosaccharides used in the study are known, it was possible to also include specific hexose identification upon analysis. In the case of an unknown, less specific identifications (unknown identifications such as Hex instead of Gal) would be determined. The abbreviations, residue masses, and unknown identifications used are provided in Table 1 .
CAD and IRMPD of Deprotonated Oligosaccharides
The CAD mass spectra of the four deprotonated oligosaccharides, ([L Ϫ H] Ϫ ), ( Figure S1 , data available as Supplementary Material section, which can be found in the electronic version of this article) and the data is tabulated in Table 2 . Losses of the residue masses are labeled with the corresponding residues (e.g., loss does not include the intersaccharide oxygen atom). Losses that include the intersaccharide oxygen atom are labeled with the monosaccharide identity and an asterisk. The types of fragments observed in the CAD and IRMPD spectra (shown in Supplementary Material Figure S1 and briefly described below) are consistent with those previously reported, although the IRMPD spectra exhibit several additional sequential fragment ions. The spectra include mainly Z-or C-and B-or Y-type cleavage. The detailed fragmentation pathways of the deprotonated LNFPs have been described previously [19 -21] . The CAD spectra do not display as many fragment ions as were observed in the previous studies; however the IRMPD spectra (described below) display even more. In several cases there is limited information in the first stage of fragmentation, and further analysis of these oligosaccharides using multiple sequential stages of tandem mass spectrometry is not generally viable since ion populations are too low.
The IRMPD mass spectra of the underivatized oligosaccharides were acquired to exploit the benefits of sequential fragmentation that often occur when using this nonresonant activation method. Sequential fragmentation was evident for the oligosaccharides because increases in the laser irradiation time resulted in an increase in the abundance of lower mass fragments coupled with a decrease in the abundance of higher mass fragments. For these experiments, a slightly reduced helium pressure was necessary to enhance energy accumulation at the expense of trapping efficiency (less effective collisional cooling of ions). The irradiation time was adjusted to optimize the number of informative fragment ions (see supplementary material, Figure S1 ). The data is tabulated in Table 2 . Inspection of the IRMPD spectra indicates that the four isomers are differentiated due to the presence of ions derived from sequential fragmentation. The spectrum for deprotonated LNFP-I displays only a single loss of Hex, whereas the spectra for deprotonated LNFP-II and III display a second loss of Hex. The next sequential fragments observed for LNFP-II and III differ and are due to the loss of Hex (Z3␣/C2) or Fuc (Z3␤/C2), respectively. The overall sequence of losses is consistent with the final loss being identified as the monosaccharide unit that is linked to the GlcNAc for each of these isomers (Gal for LNFP-II and Fuc for LNFP-III), indicating that loss of the terminal 1¡3 linked monosaccharides is a much more facile loss than the loss of the terminal 1¡4 linked monosaccharides. The IRMPD spectrum for LNFP-V is unique in that there are two types of cleavages involving Fuc; the first being the loss of Fuc (Z 1␤ ) and another the loss of Fuc in conjunction with a loss of Hex (C 3␣ ). Examination of the LNFP structures suggests that the first losses from the nonreducing end generally occur as a Z-type cleavage and losses from the reducing end occur as a C-type cleavage. Unfortunately, for each isomer there is a lack of a significant amount of information for sequencing the backbone and Fuc position. In addition, the sequential losses are limited to one to three monosaccharide units, thus restricting the sequence coverage. Overall, the CAD and IRMPD spectra of the deprotonated oligosaccharides display losses that cannot be immediately identified as occurring from the reducing or nonreducing end of the oligosaccharides. Additionally, some ions (e.g., 348 and 364 Da in Figure S1f and S1g, respectively) cannot be confidently identified as being a result of a sequential loss or an internal loss (e.g., "D-type loss"). Even with the correct identification of losses, it would require several stages of dissociation to completely characterize the oligosaccharides. In general, neither the negative ion mode CAD nor IRMPD spectra could provide enough information to sequence these isomers with confidence.
CAD and IRMPD of Sodium-Cationized Oligosaccharides
Due to the unsatisfactory structural characterization of the deprotonated oligosaccharides, the CAD and IRMPD spectra of the sodium-cationized oligosaccharides were obtained for comparison. In the positive ion mode, sodium-cationized complexes were formed almost exclusively over the protonated species, and thus they were used for the analyses. The types of losses observed for the sodium complexes were similar to those observed for the deprotonated oligosaccharides (supplemental Figure S1 ). The residue losses observed for all isomers are tabulated in Table 2 . The CAD spectra are all highlighted by a predominant loss of Fuc, rendering these spectra uninformative. The IRMPD spectra are highlighted by a loss of Fuc followed by a sequential loss of Hex*, the asterisk indicating the inclusion of the intersaccharide oxygen in the neutral loss. Following the Hex* loss, the LNFP-I isomer undergoes cross-ring cleavages of the type X 3 [2, 4] and X 3 [2, 3] , using the nomenclature of Domon and Costello [62] , while the other isomers undergo an additional Hex loss. Inspection of the data summarized in Table 2 reveals why tandem mass spectrometric analysis of the sodium-cationized oligosaccharides suffers from the same general limitation as that observed for the deprotonated oligosaccharides in that there is limited structural or sequence information provided in any of the spectra. Since losses observed in the spectra cannot be immediately identified as occurring from the reducing or nonreducing end of the oligosaccharides, it is difficult to obtain confident sequence data. It would LNFP-I  91  -----LNFP-II  89  -----LNFP-III  89  -----LNFP-V  -24 require several stages of dissociation for more complete structural information which is unfeasible with the low ion populations obtained for the sodium-cationized oligosaccharides. Since neither the CAD nor the IRMPD spectra of the underivatized LNFPs yielded diagnostic fragment ions or sufficient sequencing information for the isomers, the boronic acid derivatization strategy was explored next.
Derivatized LNFP Oligosaccharides
We envisioned a special boronic acid derivatization reagent that would react efficiently with the oligosaccharides and would incorporate a strong IR chromophore. The IR-active boronic acid (IRABA) shown in Scheme 1 was designed to meet these criteria. The strategically placed nitrogen atom adjacent to the boronic acid functionality accelerates the derivatization reaction [60] . Without the nitrogen atom, the reaction with oligosaccharides proceeds with low efficiency. The phosphonate group provides an excellent IR chromophore at 10.6 m. Simple addition of the IRABA ligand to the oligosaccharide solutions results in formation of two covalent bonds between the boronic acid and the oligosaccharides in conjunction with two water losses. An example of this type of reaction for Glc is detailed in Scheme 1. Typical ESI mass spectra for the IRABA-derivatized LNFP-I reaction mixture are depicted in Figure 2 in both the negative and positive ion modes. In the negative ESI mode, the abundance of the IRABA-derivative is greater than that of the deprotonated oligosaccharide. In addition, there is a product attributed to the derivatized oligosaccharide with a loss of 28 Da, corresponding to a loss of ethylene from the diethylphosphonate functionality. In the positive ESI mass spectra, the IRABA-derivatized and sodiumcationized oligosaccharides are observed. Yields of the derivatized products are high, and sample clean-up is unnecessary. Following successful formation of the derivatized oligosaccharides, the diagnostic value of the fragmentation patterns obtained by CAD or IRMPD was evaluated.
CAD and IRMPD of Derivatized Oligosaccharides
The CAD and IRMPD data for the IRABA-derivatized LNFPs in the negative ion mode were collected by activation of the [LNFPI ϩ IRABA Ϫ 2H 2 O Ϫ H] Ϫ species, and the resulting spectral data tabulated in Table 3 . While the fragment ions in the IRMPD spectra of the underivatized oligosaccharides are a result of cleavages from both the reducing and nonreducing ends of the oligosaccharides, the most prominent fragment ions in the IRMPD spectra of the derivatized analogs are a result of cleavages from the nonreducing end. The CAD spectra for the derivatized LNFPs of the
ϩ are shown in Table 3 . The data suggest that there are two general dissociation pathways: the most prominent one from sequential losses from the nonreducing end of the oligosaccharides (a result of Y-type cleavages) and the other entailing losses from the reducing end (a result of B-type cleavages). In addition, there are also losses of the entire phosphonate moiety from the precursor ions, and these are indicated with a filled circle in the spectra. The first general type of pathway is defined by sequential losses from the nonreducing end of the oligosaccharides (losses highlighted in bold type) and corresponds Table 3 . Derivatized LNFP glycan fragment ion abundances 
Fragments ions that stem from loss of a phosphonate moiety are indicated with a filled circle.
to a loss of Fuc and a combined loss of Hex and HexNAc for the LNFPs. The persistent combined loss of Hex and HexNAc suggests that cleavage at the nonreducing end of the GlcNAc is not a facile process. The LNFP-V isomer, with the Fuc attached to the reducing Glc, is differentiated from the other three by the initial loss of combined Hex and HexNAc, which is observed as a prominent fragment ion of m/z 754 Da in the spectrum. Since the Fuc moiety associated with LNFP-I is the terminal saccharide at the nonreducing end, an initial loss of Hex, HexNAc could only occur via an internal loss, a type of cleavage not observed with the oligosaccharides studied using our derivatization strategy. For the LNFP-II and III isomers, both the Gal and Fuc are attached to the GlcNAc, which also makes this fragment much less likely. The second general pathway observed in Figure 3 involves the combined loss of Hex Hex*. Since fragmentation occurs from both the reducing and nonreducing ends, in most cases there is no indication from which end the sequential residue losses stem. Hex Hex* loss is consistent for all of the other compounds and arises from cleavage at the reducing end of the oligosaccharide. In addition, the spectral data suggests that the inclusion of the oxygen atom in the fragments in this type of pathway is characteristic for losses initiated from the reducing end of the oligosaccharides for the IRABA-derivatized species. While these CAD spectra do include some diagnostic structural information and allow limited isomer differentiation, the sequence coverage of the oligosaccharides is minimal. It may be possible to obtain more structural information by performing further stages of CAD; however, multiple stages are frequently not feasible since the ion populations for oligosaccharides are generally not sufficient for these experiments. For these reasons, IRMPD was employed so that the sequential fragmentation that is commonly promoted by the nonresonant nature of IR photoactivation may be exploited for characterization of the oligosaccharides.
The IRMPD spectra for the IRABA derivatized LNFPs are depicted in Figure 4 , and the entire series of mass spectral data is tabulated in Table 3 . As with the CAD spectra, there are two general fragmentation pathways observed. The most prominent pathway (bold type) results from sequential cleavages from the nonreducing end of the oligosaccharides. The secondary pathway results from cleavages that begin at the reducing end of the oligosaccharides and the series of losses include the intersaccharide oxygen atom that is indicative of cleav- 
ϩ . Fragments ions that stem from loss of a phosphonate moiety are indicated with a filled circle.
ages from the reducing end of the IRABA derivatized oligosaccharides.
In addition to the same losses observed in the CAD spectra, the IRMPD spectra also reveal ions that have undergone subsequent dissociation. These secondary IRMPD events are responsible for the two additional Hex losses observed for all of the LNFPs in Figure 4 (-Gal, 446 Da and -Glc, 284 Da). As a result, there is complete sequence coverage for each of the LNFPs. In addition, the diagnostic pathway for the LNFP-V is present (initial loss of Gal ϩ GlcNAc) along with a diagnostic ion for the LNFP-I isomer that was not observed in the CAD spectra (Y 3 ). It is surmised that this ion is due to sequential fragmentation of the fragment ion at 973 Da due to the initial loss of Fuc. However, there is still not a single diagnostic ion that differentiates the LNFP-II and III isomers. These two isomers only differ in the reversed linkage positions of their nonreducing terminal Fuc and Gal moieties.
The primary fragmentation pathway (i.e., the sequence of losses initiated from the nonreducing end) is the key to reliable sequencing of the oligosaccharides. Since the fragments that arise from this pathway only stem from the nonreducing end of the oligosaccharide, the resulting sequential losses (masses of individual residues) map out the structure of the oligosaccharides. In contrast, the secondary pathways include cleavages from both ends of the oligosaccharides and therefore do not reliably map the structures. This primary fragmentation pathway is observed only when the oligosaccharides are derivatized. Without derivatization, there are mixtures of losses that define the different types of secondary pathways with losses occurring from both the reducing and nonreducing ends of the oligosaccharides. Therefore, derivatization coupled with IRMPD has proven to be an excellent technique for sequencing the LNFPs in one activation event.
Site of Derivatization
The nature of the neutral losses related to the primary fragmentation pathway in the IRMPD spectra suggests that the IRABA is attached to the reducing sugar. Since the reducing sugar is the most reactive and may have both the ␣ and ␤ configuration, it may bear the cis-diol functionality that readily reacts with boronic acids. The existence of the secondary pathway suggests that there is at least one other site of derivatization. Since the first losses in the secondary pathway include two Hex and Fuc, it is surmised that the secondary site of attachment is at one of the Gal moieties that also possess the cis-diol functionality.
To further elucidate the site of attachment, the reducing end of the LNFP-II isomer was reduced with sodium borohydride. The reduction converts the aldehyde of the reducing sugar to an alcohol forming an alditol. After the reduction reaction, the mixture was cleaned up using a Carbograph SPE cartridge (Alltech, Deerfield, IL), dried and rediluted before ESI-MS analysis. The resulting ESI mass spectra of the reaction product indicates complete conversion to the alditol since there is a prominent ion at m/z 878 corresponding to [LNFP Ϫ II(alditol) ϩ Na] ϩ . In contrast, the ESI mass spectra of the oligosaccharide after the reduction reaction did not display an ion due to any unreduced species. The alditol form of LNFP-II was then reacted with the IRABA ligand, and no IRABA derivatization products were observed in the spectra, thus indicating that LNFP-II in the reduced form did not react with the IRABA reagent. Given these results, it is surmised that the IRABA reacts primarily at the reducing sugar and that any other sites of derivatization are minor products.
LNDFH Oligosaccharides
Since the derivatization of the LNFP series with the IRABA ligand followed by IRMPD was such an effective structural characterization strategy, the method was expanded to another series of oligosaccharides, the LNDFH series shown in Figure 1 . The IRMPD spectra of these IRABA derivatized oligosaccharides indicate that they dissociate by the same two pathways that were observed for the LNFP series ( Figure 5 ). This data is tabulated in Table 4 . As with the LNFP series, the primary fragmentation pathway consists of cleavages of one type that take place sequentially from the nonreducing to the reducing end.
The primary fragmentation pathway provides detailed sequence information for the LNDFH oligosaccharides with the exception of the two isomers that only differ in their reversed Gal and Fuc linkages to the central GlcNAc (Ia and Ib). Following the loss of terminal or branching Fuc moieties, fragmentation of the backbone for each of the isomers from the nonreducing end starts with the combined Gal-GlcNAc losses followed by two sequential Hex losses (Gal and Glc). Further, it is evident from the IRMPD spectra of LNDFH-Ia and Ib that there is a Fuc attached to both the nonreducing terminal Gal and the GlcNAc since there is an initial Fuc loss followed by a combined Fuc-GalGlcNAc loss. This result further confirms the sequential nature of the losses that correspond to the primary pathway. Other possible alternative sequences of these oligosaccharides, Fuc-(Fuc)-HexNAc-Hex-or Fuc-HexNAc-(Fuc)-Hex-, are discounted because in each of the IRMPD spectra throughout this study there has been a key intersaccharide cleavage at the reducing end of GlcNAc that would yield characteristic ions for Fuc-(Fuc)-HexNAc and Fuc-HexNAc, respectively. These fragments ions are not observed in the IRMPD mass spectra, thus discrediting these alternative sequences. Therefore, the two Fuc must reside on the nonreducing ends Gal and GlcNAc.
The difference in the IRMPD spectrum for the LNDFH-II isomer is a result of one Fuc having a different position. Since the initial Fuc loss precedes the Gal-GlcNAc combined loss, it is evident that this Fuc resides on either the Gal or GlcNAc. However, if the Fuc residue were attached to the terminal Gal, one would expect an ion of m/z 957 that corresponds to a loss of Gal following the loss of Fuc. The LNFP-I isomer has this type of Fuc-Gal linkage and the corresponding fragment ion was observed in its IRMPD spectrum (Figure 4 , m/z 811). Therefore, the initial Fuc loss must be attached to the GlcNAc. With only two Hex left on the backbone, the remaining Fuc must be attached to one or the other. Since this Fuc loss precedes the loss of both of these Hex moieties, it could be attached to either one. If the sequence continues beyond these two Hex moieties, there may be more fragment ions observed that would make it possible to pinpoint the precise location of the remaining Fuc.
DSLNT Oligosaccharide
The IRABA derivatization strategy was further extended to an acidic hexasaccharide, disialyllacto-N-tetraose (DSLNT), shown in Figure 1 . As observed with the previous oligosaccharide series, the principal fragments As a percentage of total sequence and parent ion abundances, ϩ/Ϫ 5%.
are a series that arise from the backbone from the nonreducing to reducing end of the oligosaccharide ( Figure 6 ). Following the loss of the two Sia moieties, a combined loss of Gal-GlcNAc resulting from cleavage at the reducing end of GlcNAc indicates the sequence Sia-Gal-(Sia)-GlcNAc. Subsequent losses reveal the completion of the sequence Gal-Glc. The successful sequencing of this oligosaccharide indicates that the method may be further applied to larger and different types of oligosaccharides.
Conclusions
The sequencing of oligosaccharides has been simplified by the use of IRMPD in a QIT. This was accomplished with the use of a boronic acid derivatizing reagent that was also functionalized with an IR-active phosphonate group to facilitate the photon absorption process. The oligosaccharides underwent modification by simple addition of the IRABA with reaction times of ϳ1 min and did not require sample cleanup before analysis by ESI-MS. The oligosaccharide products dissociated with high efficiency upon IR irradiation, and the degree of secondary fragmentation may be controlled by adjusting the irradiation time. The resulting IRMPD mass spectra display a characteristic primary fragmentation pathway resulting from cleavage from only the nonreducing ends, thereby simplifying the determination of oligosaccharide sequence. As a result, the method should be generally applicable to the sequencing of even larger oligosaccharides. 
